Summary. Large pieces of human cumulus oophorus were exposed for 20\p=n-\30min to washed spermatozoa or to spermatozoa recovered after a swim-up procedure, and then fixed for electron microscopy. Spermatozoa of both populations penetrated deeply into the cumulus within that time, and none of 48 observed clearly had undergone an acrosome reaction (AR).
Introduction
To achieve fertilization, mammalian spermatozoa must first undergo an acrosome reaction (AR), which depends on the occurrence of capacitation, and is characterized initially by point fusions between the outer acrosomal and plasma membranes (Barros et ai, 1967) . The term 'acrosome reaction' generally refers not only to the membrane fusion stage, but also to subsequent loss of the reacted elements. The latter state is often designated 'complete' in reference to the reaction, and these usages need to be kept in mind.
The natural trigger that evokes the AR during mammalian fertilization and the functional relevance of reacting spermatozoa in different situations are currently topics of considerable interest and uncertainty. In mammals, the events related to the AR have been studied most intensively in the mouse by using in-vitro systems. In these conditions, the mouse AR occurs at the zona surface (Saling & Storey, 1979) , apparently stimulated by a zona glycoprotein designated ZP3 (Bleil & Wassarman, 1983) , and zona-evoked reactions have been reported for some other species. However, in many studies a normal AR has been observed before any interactions with the zona pellucida. For example, in the Syrian hamster (Cummins & Yanagimachi, 1982 Yanagimachi & Phillips, 1984; Cherr et ai, 1986; Corselli & Talbot, 1987) , the Chinese hamster (Yanagimachi et ai, 1983) and rabbit (Bedford, 1968 (Bedford, , 1972 , reacted cells are very common among spermatozoa within the cumulus oophorus. Observations on guinea-pig spermatozoa are conflict¬ ing. Huang et ai (1981) reported that guinea-pig spermatozoa bind not at all or poorly to the zona pellucida if a reaction has not already occurred. Myles et ai (1987) , however, report that both intact and reacted spermatozoa may bind to the guinea-pig zona.
Some human spermatozoa allowed to adhere to the naked zona pellucida of immature oocytes began to react within minutes (Cross et ai, 1988) . When eggs are invested by cumulus oophorus, however, normally reacting spermatozoa can be found amongst the cumulus cells as well as on the zona (Dvorak et ai, 1984; Pereda & Coppo, 1985; Chen & Sathananthan, 1986) . Moreover, what appear to be ARs occur in human spermatozoa in the absence of any product of ovulation. An AR incidence of 20% has been reported for spermatozoa in capacitating situations or in in-vitro fertil¬ ization dishes (Plachot et ai, 1984; Wolf er ai, 1985; Van Kooiji et ai, 1985; Stock & Fraser, 1987) and this may be greater at 36 h (Mortimer et ai, 1989) . Plachot et al. (1984) found no effect of the presence of a cumulus/oocyte complex, but other groups report that the AR rate is enhanced by the presence of human cumulus/oocyte complexes (Tesarik, 1985) or of follicular fluid (Suarez et ai, 1986; Siiteri et ai, 1988; Stock et ai, 1989) , one active factor in which could possibly be progester¬ one (Osman et ai, 1989) . Since both acrosome-reacted and intact human spermatozoa may bind to the zona (Morales et ai, 1989) it is therefore not clear whether physiological ARs occur at the surface of the human zona pellucida, within the cumulus oophorus, or even beforehand in some cells.
The present study was undertaken to investigate further the significance of the AR occurring in vitro in human spermatozoa and the relevance of various factors that may affect it. We empha¬ size that the studies were conducted for the most part with 'swim-up' spermatozoa, since it is likely that results with unselected ejaculate samples give an over-estimate of the AR rate ).
Materials and Methods
Incubation medium. The basic medium used throughout this study was Human Tubai Fluid medium (HTF; Quinn et ai, 1985) . This contained 101-6 mM-NaCl, 4-69 mM-KCl, 204mM-CaCl2, 0-20 mM-MgS04, 0-37mM-KH2PO4, 25mM-NaHC03, 2-78mM-glucose, 0-33 mM-pyruvate and 21-4mM-lactate. The calcium-deficient medium was sup¬ plemented with NaCl to maintain osmolality. The medium also contained 100 i.u. penicillin, 50 pg streptomycin/ml, with 0001% phenol red present as an indicator. (Cross et ai, 1986 from that. The inclusion of 50% follicular fluid (100% follicular fluid depressed motility signifi¬ cantly) brought a further minor though significant (P < 0-01) enhancement of the AR rate (Table 1) . As expected, the ionophore A23187 significantly enhanced the AR rates in culture dishes in a concentration-dependent manner. A 3-h incubation in the presence of 1, 5 and 10mM-A23187 brought a significant (P < 0-01) increase in the percentage of reacted spermatozoa over that in controls in the presence of vehicle alone (Table 2 ). In the presence of 1 mM-A23187, percentage motility after 3 h did not differ significantly from that of controls. However, a concentration of 5mM-and 10mM-A23187 brought a significant reduction in percentage motility, with levels reduced respectively to 77-1% and 30-2% of the control levels ( Table 2 ). The stimulatory effects of A23187 on the acrosome reaction were entirely dependent upon the presence of calcium in the medium. Thus, 5 mM-A23187 in complete medium significantly (P < 001) increased the percentage of reacted H -ve spermatozoa. By contrast, this concentration of ionophore had no effect in the absence of calcium, when compared with control spermatozoa incubated in the calcium-deficient medium (Table 3) . Compared with samples in calcium-containing medium an absence of calcium in the medium also resulted in a swim-up of lower concentration, and a much poorer survival of motility at 16 h in culture dishes. However, there was only a minor difference in the AR rates achieved at 4 h in the calcium-deficient and calcium-containing swim-up samples and at 20 h in the respective culture dishes (Table 4) . Values are mean + s.e.m.
Spermatozoa within the cumulus oophorus
In two experiments, large pieces of intact cumulus of mature appearance were incubated for 20 min with uncapacitated spermatozoa taken immediately following two brief washes with no swim-up. Upon examination of thick sections in the light microscope, spermatozoa were found deep within the cumulus cell mass (see Fig. 1 ). In four cases, spermatozoa taken from the swim-up after 3-5 h were incubated for between 20 and 30 min with cumulus masses. A total of 53 spermatozoa were found deep within the cumulus. Of these, 2 were being phagocytosed and the acrosomal status of a further 3 was impossible to determine. However, the acrosomes were intact (Fig. 2) in all of the remaining 48 spermatozoa.
Discussion
The present study reports human sperm acrosome reaction (AR) patterns in vitro that in general compare to those reported by workers in several other laboratories. However, the implications of and conclusions from the data are somewhat different. A significant observation is the finding that still-intact spermatozoa, obtained after a swim-up or even those only washed briefly after ejaculation, are able readily to penetrate deeply into organized cumulus oophorus within 30 min. Human spermatozoa therefore do not need to react in order to traverse cumulus of a quality comparable to that presented to spermatozoa at ovulation. Moreover, while it is possible that a small percentage are in this respect already capacitated, or reach this state very quickly after washing, human ejaculated spermatozoa do not seem to need to undergo a formal capacitation period after ejaculation in order to penetrate the cumulus.
Such behaviour of human spermatozoa is of interest because of previous findings in other mammals. Talbot et ai (1985) have shown that protozoa as well as frog and sea-urchin spermato¬ zoa can penetrate the hamster cumulus, but capacitation appears to be important for penetration of hamster cumulus by hamster spermatozoa. Detailed observations using moderate sperm numbers (Corselli & Talbot, 1987) reveal that most uncapacitated hamster spermatozoa fail to penetrate beyond the periphery of the cumulus in vitro, and that none reaches the zona surface. By contrast, intact capacitated spermatozoa and those with modified (reacting) acrosomes were common within the cumulus and penetrated readily to the zona surface. Capacitation also facilitates the passage of Fig. 2 . Four representative sperm heads found deep within a human cumulus oophorus exposed for 20-30 min to swim-up spermatozoa. TEM, 21 000. rabbit spermatozoa through the cumulus vestment in the environment of the oviduct (Overstreet & Bedford, 1974 )-essentially the conclusion of Austin (1960) who readily observed moving spermatozoa within cumulus of several species after natural mating, whereas mature epididymal or ejaculated spermatozoa could not penetrate it in vitro.
In the present study no swim-up spermatozoa penetrating the cumulus underwent even the initial stages of an AR within 20-30 min. Since this is a population that can immediately begin to fertilize eggs in vitro, some spermatozoa at least are functionally capacitated. We conclude, therefore, that the human cumulus does not rapidly induce the AR in such spermatozoa. Chen & Sathananthan (1986) found that only 10-30% of human spermatozoa reaching the zona of cumulus-invested oocytes had reacted to some degree 1 h after insemination, and that at 2-3 h many spermatozoa were undergoing the AR within the cumulus as well as on the zona surface, the latter being an observation similar in principle to that of Sathananthan et ai (1982) and Dvorak et ai (1984) .
Taken together, such TEM observations suggest that the first human spermatozoa to penetrate the cumulus probably react at the zona surface, and that only after #= 1 h do significant numbers begin to react before reaching the zona, within the cumulus matrix. Such later responses within cumulus seem not merely to reflect 'false' reactions in what could perhaps be moribund spermato¬ zoa, because the reactions within the cumulus (Chen & Sathananthan, 1986) , as well as those on the zona (Cross et ai, 1988) generally follow the classical fusion pattern described by Barros et al. (1967) . Moreover, the AR rates achieved by 3 h within the cumulus (Chen & Sathananthan, 1986) far exceed those reported for free-swimming spermatozoa at 16-20 h in capacitating conditions (Table 1 ; and other studies). This implies some dependent relationship between the cumulus/oocyte complex and the spermatozoa penetrating it.
The present study raises doubts about the relevance of the ARs observed in free-swimming human sperm populations. In one sense our results agree with those of other groups, since AR rates of about 10% and 20% were obtained after incubations of about 4 and 20 h, respectively. A major problem, however, is the fact that elements known to regulate the 'physiological' reaction had little effect on the incidence of the AR in the present study. There was a significant dosedependent enhancement of the AR in response to the calcium ionophore A23187 (Table 2) , as noted previously by others (Aitken et ai, 1984; Tesarik, 1985) , and this was clearly calciumdependent (Table 3) . On the other hand, although an influx of Ca2+ is required to initiate 'true' ARs in all the systems examined (Yanagimachi & Usui, 1974; Fraser, 1987 ; Thomas & Meizel, 1988 ), the AR rates at 4 h and 20 h were little different in media with and without Ca2+ (Table  4) , although the absence of Ca2+ was reflected strikingly in a reduction of the quality of sperm motility. Similarly, a lower temperature, which inhibits or delays the in-vitro development of an AR in spermatozoa of guinea-pig and hamster, respectively (Mahi & Yanagimachi, 1973; Fleming & Kuehl, 1985) , had no effect on the incidence of the human AR after 4 or 20 h in vitro (Table 5) (Topfer-Petersen et ai, 1985) that the kinetics of the human acrosome reaction in vitro offer a useful indicator of fertilizing ability.
While it is likely that we and others have not been measuring a true AR in spontaneously reacting populations, this material has been the basis for a suggestion that the acrosome reac¬ tion in man involves novel mechanisms, i.e. that this does not initially involve point fusions between plasma and outer acrosomal membranes, but rather a vesiculation of the acrosome alone (Nagae et ai, 1986; Stock & Fraser, 1987) . Taken together, the present results and the conventional mode in spermatozoa reacting on the zona (Chen & Sathananthan, 1986; Cross et ai, 1988) , within cumulus (Chen & Sathananthan, 1986) or induced by a specific fraction of fol¬ licular fluid (Yudin et ai, 1988) suggest that the unusual alternative mode proposed for human spermatozoa may be based on spurious events in a sub-population of little relevance for fertiliz¬ ing ability.
In conclusion it appears that ejaculated human spermatozoa behave in certain respects rather differently from mature epididymal/ejaculated spermatozoa of some common experimental animals. Some can penetrate cumulus oophorus immediately in an intact state without the benefit of a capacitation period. Furthermore, whereas a majority of guinea-pig, mouse and hamster spermatozoa undergo a normal AR progressively over 4-6 h in capacitating conditions in vitro (Yanagimachi & Usui, 1974; Ward & Storey, 1984; Cuasnicu & Bedford, 1989) 
